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The envelope glycoprotein G of vesicular stomatitis virus induces membrane fusion at acidic pH. A highly conserved amino
terminal region spanning residues 123 to 137 has previously been identified as an internal fusion domain. Here we have
substituted specific amino acids within a carboxy terminal region, conserved in five vesiculoviruses encompassing residues
395 to 418, and studied the effect of these mutations on membrane fusion at acid pH and pH-dependent conformational
change. Substitution of conserved Gly 395, Gly 404, Gly 406, Asp 409, and Asp 411 with Glu, Ala, Ala, Asn, and Asn,
respectively, decreased the cell–cell fusion efficiency, as well as reduced the pH threshold of membrane fusion. Mutation of
Gly 404 and Asp 409 to Lys and Ala, respectively, abolished the fusion activity. Mutant Gly 404 Lys also showed markedly
altered resistance to trypsin digestion at acidic pH. These results suggest that the region between amino acids 395 to 418
is important for the fusogenic activity of the G protein. The possible role of this domain in conformational changes involved
in fusion activity of VSV G is also discussed. © 1998 Academic Press
Vesicular stomatitis virus is a member of the vesicu-
lovirus genera of the rhabdovirus family, which can in-
duce cell fusion at acidic pH, for which the single viral
glycoprotein G is sufficient (Coll, 1995a; Florkiewicz and
Rose, 1984; Reidel et al., 1984; White et al., 1981). Unlike
other viral fusion proteins VSV G protein does not contain
an obvious hydrophobic peptide sequence either at the
amino terminus or internally within its ectodomain that
can serve as a fusion peptide (Gallione and Rose, 1983;
Rose and Gallione, 1981). We have previously used linker
insertion mutagenesis in the ectodomain of VSV G (Li et
al., 1993) to identify the putative domain(s) involved in
acid-induced membrane fusion as well as to examine the
requirement for a hydrophobic sequence in the fuso-
genic domain. The results showed that mutants H2, H5,
H10, and A4 generated by insertion of two or three amino
acids after residues 122, 193, 409, and 415 of VSV G
protein, respectively, were fusion defective. The mutation
in one of the mutants, H2, is within a region of conserved
uncharged amino acids that had been proposed as a
possible fusogenic domain (Ohnishi, 1988; Whitt et al.,
1990). Further studies from us (Zhang and Ghosh, 1994)
and others (Fredericksen and Whitt, 1995) using site-
directed mutagenesis of specific amino acids within the
region spanning amino acids 117 to 139 of VSV G protein
showed that substitution of conserved residues either
blocked cell fusion or shifted the pH optimum of fusion to
a more acidic value, with concomitant reduction in effi-
ciency, suggesting that this region may represent a pu-
tative internal fusion domain. Recent hydrophobic pho-
tolabeling experiments with VSV demonstrated that a
large peptide segment within amino acids 65 to 237 of
VSV G protein is labeled when VSV and liposomes con-
taining the hydrophobic photolabeling crosslinking re-
agent are exposed to low pH (Durrer et al., 1995). These
results provide direct evidence to support the hypothesis
that the H2 region encompassing amino acids 123 to 137
of VSV G is the internal fusion peptide that interacts with
a target membrane at acidic pH. It should be noted that
the region encompassing the fusion-defective mutants
H10 and A4 was not labeled by the hydrophobic photo-
labeling reagent under acidic conditions, indicating that
this region is not involved in direct interaction with the
target membrane. The region, therefore, may modify the
fusion properties of G protein without being inserted in
the membrane (Durrer et al., 1995). Studies with fusion
mutants of influenza virus fusion protein hemagglutinin
[HA] (Daniels et al., 1985; Skehel et al., 1995; Weis et al.,
1990; Wiley and Skehel, 1987) or HIV envelope proteins
(Freed and Martin, 1995) have indicated the involvement
of domains other than the amino terminal fusion peptide
in membrane fusion. These mutants were in fact present
throughout the sequence of the protein and widely sep-
arated from the fusion peptide (Daniels et al., 1985;
Skehel et al., 1995; Weis et al., 1990; Wiley and Skehel,
1987). Although we showed that mutant H5 containing an
insertion of three amino acids after residue 193 of VSV G
was nonfusogenic (Li et al., 1993), substitution of specific
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amino acids in this region encompassing residues 192 to
212 did not affect the fusogenic activity, suggesting that
this region may not be directly involved in membrane
fusion (Fredericksen and Whitt, 1995). The insertion mu-
tants H10 and A4 were also shown to lack fusogenic
activity (Li et al., 1993). The region surrounding mutants
H10 and A4 is partially conserved in the G proteins of
vesiculoviruses (Bhella and Ghosh, unpublished; Brun et
al., 1995; Coll, 1995; Gallione and Rose, 1983; Masters et
al., 1989; Rose and Gallione, 1981), suggesting a possible
functional role. Therefore, it was important to investigate
further the role of this region in the membrane fusogenic
activity of VSV G protein.
To determine whether the H10 and A4 insertion
mutants identify a domain of VSV G that contributes to
fusogenic activity, we used site-directed mutagenesis
to change specific amino acids that are conserved
within this region. The mutant G proteins were ex-
pressed in COS cells and the membrane fusion activ-
ity, transport to cell surface, folding and oligomeriza-
tion, and conformational change at acidic pH as de-
termined by resistance to trypsin digestion were
determined. Substitution of Gly 404 and Asp 409 with
Lys and Ala, respectively, completely abolished the
fusogenic activity, and the mutant G404K showed
marked alteration in acid-induced conformational
change. Mutants G406A, D409N, and G395E not only
had drastically reduced fusion activity but also
showed a shift in the pH threshold of fusion to in-
creased acidic values. These mutants, except for
G395E, also showed altered trypsin sensitivity at acid
pH. The results thus show that mutation of specific
amino acids in the region encompassing amino acids
395 to 418 of VSV G affects the fusogenic activity of
VSV G protein, possibly by influencing low-pH-induced
conformational changes involved in fusion activity.
RESULTS
Mutagenesis of the region adjacent to mutants H10
and A4 and expression of the mutant G proteins
Previously, we have shown that insertions of a tripep-
tide between D409 and S410 and a dipeptide between
S415 and S416 of G protein of VSV Indiana produced the
mutants H10 and A4, respectively (Li et al., 1993). Both of
these mutants were transported to the cell surface,
folded, and oligomerized similarly to wild-type but were
blocked in acid-pH-induced membrane fusion (Li et al.,
1993). A comparison of the sequences of G protein of 10
rhabdoviruses (Bhella and Ghosh, unpublished; Brun et
al., 1995; Coll, 1995; Gallione and Rose, 1983; Koener et
al., 1987; Masters et al., 1989; Rose and Gallione, 1981;
Teninges and Bras-Herreng, 1987; Tordo et al., 1993;
Yelverton et al., 1983) showed conservation of 14 of 30
residues in the H10/A4 region (amino acids 395 to 424 of
VSV G Indiana) in the five vesiculoviruses (Fig. 1A). Also,
three of the residues, P399, H423, and P424, were con-
served in G proteins from all of the 10 rhabdoviruses,
including members of the vesiculovirus (Bhella and
Ghosh, unpublished; Brun et al., 1995; Gallione and
Rose, 1983; Masters et al., 1989; Rose and Gallione,
1981) and Lyssavirus genera (Tordo et al., 1993; Yelverton
et al., 1983) and other rhabdoviruses infecting fish
(Koener et al., 1987) and arthropod insects (Teninges and
Bras-Herreng, 1987). To determine whether these con-
served residues in the H10/A4 region play a role in
acid-pH-induced membrane fusion, 10 amino acid sub-
stitution mutants were constructed by site-directed mu-
tagenesis of the G gene of VSV Indiana (Fig. 1B).
The mutant G genes were expressed in COS cells
using a high-expression pXM vector (Yang et al., 1986; Li
et al., 1993), and proteins labeled with [35S]methionine
were analyzed by immunoprecipitation with a polyclonal
anti-G antibody followed by SDS–PAGE. All 10 mutant G
constructs express proteins which comigrate with wild-
type G protein (data not shown).
Intracellular localization and transport of mutant
G proteins
Expression of the G protein at the cell surface is an
essential requirement for cell–cell fusion. To determine
whether the mutant G proteins were properly transported
to and localized to the cell surface, COS cells transfected
with the wild-type G gene and the mutant genes were
examined by indirect immunofluorescence. Cells fixed
with formaldehyde were examined for cell surface immu-
nofluorescence. Wild-type G and the eight mutants
G395A, G395E, G404A, G404K, G406A, D409N, D409A,
and D411N all show cell surface fluorescence, with in-
tensities dependent on the amount of DNA used for
transfection (Fig. 2). In contrast, the two mutants P399L
and A418K failed to show any cell surface immunofluo-
rescence (data not shown) and thus were defective in
intracellular transport. No further studies with these two
mutants were carried out.
The distribution of the mutant G proteins at the cell
surface was determined quantitively using lactoperoxi-
dase-catalyzed cell surface iodination (Guan et al., 1985;
Li et al., 1993). The relative amounts of mutant and
wild-type G proteins labeled on the cell surface were
quantitated by densitometric scanning of the fluorogram.
The amounts of the mutants present on the cell surface
were 100–200% of the wild-type G protein depending on
the amount of DNA used for transfection (Table 1).
Transport of the mutant proteins from the site of synthe-
sis in the endoplasmic reticulum to the Golgi complex was
evaluated by the acquisition of endo H resistance (Kornfeld
and Kornfeld, 1985). Immunoprecipitates from the pulse–
chase experiments using wild-type and mutant G proteins
were digested with endo H and analyzed by SDS–PAGE.
The results presented in Fig. 3 show that following a 15-min
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pulse, all eight mutants were sensitive to endo H, indicating
that they were glycosylated with N-linked oligosaccharides.
After 1 h of chase, mutants G395A, G395E, G404A, G406A,
and D409N became completely resistant to endo H diges-
tion, showing that these mutant G proteins were trans-
ported similarly to the wild-type G from the endoplasmic
reticulum to the medial Golgi complex. Mutants G404K,
D409A, and D411N were 70, 82, and 89%, respectively,
resistant to endo H digestion after 1 h of chase, indicating
that these mutants were transported at a slightly slower
rate than wild-type G protein.
Cell–cell fusion activity of mutant G proteins
Cells expressing VSV G proteins at the cell surface
fuse to form multinucleated cells upon exposure to acid
pH for a short duration (Florkiewicz and Rose, 1984; Li et
al., 1993; White et al., 1981). Cells transfected with wild-
type G showed extensive cell fusion at pH 5.6 and the
polykaryons formed contained 20 to 50 nuclei (Fig. 4).
The mutants D411N and G404A could induce fusion at
this pH, but the extent of fusion was considerably less
than that observed with wild-type G protein. Also, the
polykaryons formed by these mutants contained fewer
nuclei than those present in polykarons produced by
wild-type G. In contrast, the mutants G404K and D409A
showed no fusion activity, while the mutants G395E,
G406A, and D409N had markedly reduced fusogenic
activity at pH 5.6. The mutant G395A showed slightly
reduced fusogenic activity compared to the wild-type G
protein (Table 1).
Studies with amino acid substitution mutants of influ-
enza virus HA protein or Semliki Forest virus E1 protein
have shown an increase or decrease in the pH optimum
required for membrane fusion (Daniels et al., 1985; Levy-
Mintz and Kielian, 1991; Skehel et al., 1995; Steinhauer et
al., 1995; Wiley and Skehel, 1987). We (Zhang and Ghosh,
1994) and others (Fredericksen and Whitt, 1995) have
also shown that mutation of specific amino acids in the
FIG. 1. (A) Sequence alignment of 10 rhabdoviral G glycoproteins in the H10/A4 region of VSV Indiana serotype. Rhabdoviruses shown are VSV Indiana
(IND) (Rose and Gallione, 1981), VSV New Jersey (NJ) (Gallione and Rose, 1983), Cocal virus (Bhella and Ghosh, unpublished), Chandipura virus (CHP)
(Masters et al., 1989), Piry virus (Brun et al., 1995), spring viremia of carp virus (SVCV) (SVCV GenBank), Sigma virus (Teninges and Bras-Herreng, 1987),
infectious hematopoietic necrosis virus (IHNV) (Koener et al., 1987), Mokola virus (Tordo et al., 1993), and rabies virus CVS strain (Yelverton et al., 1983).
Residues in bold letters are conserved among 10 rhabdoviruses. Residues not shown and shaded are identical to those of VSV Indiana. Shaded residues
indicate conservative changes. Arrowheads indicate site of amino acid insertions of the H10 and A4 mutants. Arrows indicate the positions of the two
mutants V392G and M396T of rabies virus which are compromised in acid-pH-induced conformational change (Gaudin et al., 1996). Numbers refer to the
amino acid positions of the G protein before signal sequence cleavage. (B) Mutations in the H10/A4 region of the VSV glycoprotein G. Amino acids 395 to
424 and their corresponding nucleotide sequences of the glycoprotein G of VSV Indiana serotype are shown. Amino acids conserved in four other
vesiculoviruses are underlined. Residues that are double underlined are conserved within the G proteins of 10 rhabdoviruses. Arrows indicate the particular
amino acid replacements with oligonucleotide-directed base changes shown in lowercase letters. Mutants are designated according to the corresponding
wild-type residue, amino acid position, and amino acid replacement, as indicated below each mutation.
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FIG. 2. Cell surface localization of wild-type and mutant G proteins by immunoflourescence. Transfected COS cells were fixed with paraformal-
dehyde. The proteins were detected using rabbit anti-G antiserum and flourescein isothiocyanate-conjugated anti-rabbit immunoglobulin G (Li et al.,
1993; Zhang and Ghosh, 1994). Mutants P399L and A418K did not localize to the cell surface and the photomicrographs were similar to that shown
for the control (2DNA) sample..
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fusion domain of VSV G protein can shift the pH thresh-
old as well as the pH optimum for fusion to more acidic
values. The pH dependence of the mutants was there-
fore examined over the pH range of 4.8 to 6.3. Results
presented in Fig. 5 show that initial fusion occurs above
pH 6.3 for both wild-type G and mutant G395A. In the
case of mutants G404A and D411N the pH at which cell
fusion starts is shifted to about pH 6.0. The mutants
G395E, G406A, and D409N, however, showed a shift of
the fusion threshold to a more acidic value of pH 5.8. The
pH optimum of fusion for the mutants G395A, G404A, and
D411N was similar to that of wild-type G, with maximum
fusogenic activities observed at pH 5.6–5.45. Maximum
fusogenic activities for mutant G406A and the mutants
D409N and G395E were observed at pH 5.2 and 5.0,
respectively. The two mutants G404K and D409A, how-
ever, failed to show any fusogenic activity over the pH
range of 6.3 to 4.8. A comparison of the relative cell
surface expression of the mutant G proteins with their
fusogenic activities showed that the reduced fusogenic
activity of mutants G404A, G406A, and D409N as well as
the absence of fusogenic activity for mutants G404K and
D409A was not due to reduced cell surface expression of
the mutants (Table 1).
Oligomerization of the mutant G proteins
The fusion proteins HA of influenza virus and E1 of
Semliki Forest virus were shown to require a homotri-
meric structure for low-pH-induced membrane fusion
(Doms et al., 1985; Hernandez et al., 1996; Skehel et al.,
1995; Wiley and Skehel, 1987). G protein also forms a
trimer which is essential for its transport to the cell
surface (Kreis and Lodish, 1986). To determine whether
the fusion defects in the mutants were due to defective
oligomerization we determined the oligomeric structure
of mutant G protein by sucrose density gradient centrif-
ugation at acidic pH (Crise et al., 1989; Doms et al., 1988).
The mutant G proteins show sedimentation patterns on
the sucrose gradient that are similar to those of the
TABLE 1
Summary of the Properties of Site-Directed Mutants in the H10/A4 Region of VSV Glycoprotein G
Glycoprotein
Cell surface expression
Immunoflourescence Iodinationa (%)
Cell fusion
(%)b
pH threshold
of fusionc
pH optimum
of fusiond
Percentage of trypsin
resistance at pH 6.5
WT 1 100 100 6.3 5.6 87
G395A 1 136 74 6.3 5.45 80
G395E 1 98 8 5.8 5.0 75
P399L 2
G404A 1 158 45 6.0 5.6 55
G404K 1 103 — — —e 0
G406A 1 133 6 5.8 5.2 55
D409A 1 177 — — — 37
D409N 1 230 20 5.8 5.0 40
D411N 1 121 45 6.0 5.6 40
A418K 2
a For quantitation of cell surface expression, COS cells transfected with wild-type or mutant G plasmids were iodinated with 125I in a lactoperox-
idase-catalyzed iodination reaction at 24 h posttransfection. The results shown are the averages of two separate experiments, except for the mutant
D409N.
b Cell–cell fusion at pH 5.6 was determined as in the legends to Figs. 4 and 5.
c,d The pH optima and thresholds of cell–cell fusion were determined by counting polykaryons over a pH range of 4.8 to 6.3.
e —Indicates that the corresponding mutant glycoprotein is fusion defective over the pH range of 4.8 to 6.3.
FIG. 3. Acquisition of endo H resistance by wild-type and mutant G
proteins. COS cells transfected with wild-type or mutant constructs of
the G protein were labeled at 24 h posttransfection with [35S]methi-
onine for 15 min and chased with an excess of nonradioactive methi-
onine for a period of 0 min (A) or 60 min (B). Following immunoprecipi-
tation with anti-G antibody, one half of the sample was treated with
endo H (1) while the other half was not (2). Samples were analyzed by
SDS–polyacrylamide gel electrophoresis (Li et al., 1993; Zhang and
Ghosh, 1994). The extent of endo H resistance acquired was deter-
mined by densitometric scanning of the fluorograms.
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wild-type G protein (Fig. 6), suggesting that the mutants
formed trimers as well as the wild-type G protein and the
observed differences in fusogenic activities of the mu-
tants were not due to incorrect oligomerization.
Trypsin sensitivity at low pH of the mutant G proteins
Viral fusion proteins that fuse membranes at low pH
have been shown to undergo a fusion-inducing confor-
mational change at acid pH (Blumenthal et al., 1987;
Bullough et al., 1994; Carr and Kim, 1993; Crimmins et al.,
1983; Doms et al., 1985; Gaudin et al., 1993, 1995a,b,
1996; Hernandez et al., 1996; Kielian and Helenius, 1985;
Puri et al., 1988; Skehel et al., 1995; Wharton et al., 1988;
Weis et al., 1990; Wiley and Skehel, 1987). Sensitivity to
trypsin digestion at acid pH of influenza virus HA (Doms
et al., 1985; Skehel et al., 1995; Wharton et al., 1988; Wiley
and Skehel, 1987) or rabies virus G protein (Gaudin et al.,
1993, 1995a,b) has been used to examine the low-pH-
induced conformational change. Recently, Fredericksen
and Whitt (1996) showed that incubation of VSV G protein
at low pH renders it more resistant to trypsin digestion,
presumably due to conformational change(s) induced by
acid pH. To examine whether the decreased fusogenic
abilities of the mutant G proteins could be related to
alterations in the acidic-pH-induced conformational
change, we measured the pH-dependent resistance to
tryptic digestion of mutant and wild-type VSV G proteins.
Radioactively labeled wild-type and mutant G proteins
were lysed with 1% Triton X-100 at different pHs ranging
from 7.4 to 5.6 and digested with trypsin. The amount of
trypsin-resistant protein was determined by immunopre-
cipitation and densitometric analysis of the fluorograms.
Results presented in Fig. 7 show that wild-type G protein
and each of the mutants were completely digested by
trypsin at neutral pH but showed increased resistance to
digestion by trypsin at more acidic pH. The mutants,
however, showed different extents of resistance to tryp-
sin digestion at acidic pHs. Thus, at pH 6.5 the wild-type
G protein was about 90% resistant, while mutants G404A
and G406A were about 60% resistant. However, the mu-
tants D409A, D409N, and D411N were more susceptible
to trypsin digestion at pH 6.5 and only about 40% of the
mutants were resistant. In contrast, the mutant G404K
was completely digested by trypsin at this pH. At lower
pH values of 6.1 and 5.6 all of the mutants showed
increased resistance to trypsin digestion.
FIG. 5. The pH dependence of cell fusion induced by expression of mutant G proteins. COS cells transfected with wild-type or mutant G plasmids
were exposed to fusion media of varying acidity in the pH range of 4.8 to 6.3 as described for the polykaryon formation assay. The total number of
polykaryons produced by wild-type G protein at pH 5.6 was taken as the standard measure of 100% (Zhang and Ghosh, 1994). The data shown are
the average of two separate experiments.
FIG. 4. Polykaryon formation by mutant G proteins. At 24 h posttransfection, COS cells expressing wild-type or mutant G glycoproteins were
exposed to fusion medium at pH 5.6 for a period of 60 s. The cells were incubated in standard medium for 2.5 h, after which a second exposure to
fusion medium took place. Cells were then incubated in standard medium for 1.5 h, fixed, and stained with 0.1% crystal violet (Li et al., 1993; Zhang
and Ghosh, 1994).
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DISCUSSION
A salient feature of this work is the identification of the
carboxy terminal region spanning amino acids 395 to 418
of G protein of VSV Indiana serotype as an entity that can
affect the fusogenic activity. All seven amino acids used
for mutagenesis, namely, G395, P399, G404, G406, D409,
D411, and A418, are conserved within the genera of
vesiculovirus. Additionally, P399 is conserved within the
G proteins of 10 rhabdoviruses. Replacement of G404
and D409 with lysine and alanine, respectively, resulted
in total abolition of the fusion activity. Mutation of G395,
G404, G406, D409, and D411 to glutamic acid, alanine,
alanine, asparagine, and asparagine, respectively, lead
to a significant reduction in the fusogenic activity. Sub-
stitution of P399 and A418 with leucine and lysine, re-
spectively, lead to a defect in the transport of the mutant
G protein to the cell surface, suggesting that changes in
these two residues may drastically affect folding and
therefore, intracellular transport of the mutant proteins.
The fusion peptide of VSV G protein similar to the
fusion peptides of other viral envelope glycoproteins
inducing cell fusion at low pH contained glycines, acidic
amino acids, and proline residues, which are important
for the fusogenic activity (Durrer et al., 1995; Frederick-
sen and Whitt, 1995; Gething et al., 1986; Harter et al.,
1987; Hernandez et al., 1996; Levy-Mintz and Kielian,
1991; Ohnishi, 1988; Skehel et al., 1995; Steinhaur et al.,
1995; Zhang and Ghosh, 1994). The H10/A4 region stud-
ied in this paper also contains nonvariant glycines, as-
partic acids, and prolines. However, the fact that this
region of VSV G and the corresponding region in rabies
are not labeled by hydrophobic photoreactive crosslink-
ing reagents present in liposomes after acidification in-
dicates that the H10/A4 region is not inserted into the
target membrane (Durrer et al., 1995). Earlier we have
suggested that interactions between the different re-
gions that affected fusion of VSV G protein may be
essential for the fusogenic activity (Li et al., 1993). Thus,
mutation in one of the regions prevents fusion by dis-
rupting the interaction between these domains. The
H10/A4 region could also be critical for conformational
changes induced by low pH exposure of the G protein.
Exposure of the G protein of rabies virus (Gaudin et al.,
1993, 1995a,b), or VSV (Blumenthal et al., 1987; Crimmins
et al., 1983; Puri et al., 1988) to acid pH results in con-
formational change(s) which makes the G protein more
hydrophobic than its native form. The low-pH-activated
form of the G protein is then able to interact with the
target membrane in a hydrophobic manner. It was further
suggested that the hydrophobic interaction between G
protein and the target membrane is the initial step in the
fusion process (Durrer et al., 1995; Gaudin et al., 1995a,b;
Hernandez et al., 1996). A decrease in pH is then re-
quired to provide for an additional protonation step that
is necessary for fusion (Gaudin et al., 1995a,b 1996;
Hernandez et al., 1996). The different conformational
forms of rabies G protein induced by low-pH exposure
have been demonstrated by using conformation specific
antibodies and sensitivity to proteolytic digestion at acid
pH (Gaudin et al., 1993, 1995a,b, 1996). In the case of VSV
G protein conformational changes at low pH have also
been shown (Blumenthal et al., 1987; Crimmins et al.,
1983; Pak et al., 1997; Puri et al., 1988).
Recently monoclonal antibodies of rabies virus G pro-
tein, which specifically recognize the low-pH-induced
inactive form of G at the cell surface, were isolated and
shown to neutralize virus that was preincubated at low
pH to induce the inactive conformation (Gaudin et al.,
1996). Sequence analyses of the G protein from two
isolated mutants of rabies virus escaping neutralization
by these antibodies showed mutations of V392 and M396
to glycine and threonine, respectively. Both of these mu-
tants, V392G and M396T, affected the kinetics of low-pH-
FIG. 6. Oligomer formation of mutant and wild-type G proteins. COS
cells transfected with wild-type or mutant constructs were labeled, at
24 h posttransfection, with [35S]methionine and chased with excess
nonradioactive methionine. Cells were lysed in 4X MNT containing 1%
Triton X-100, and the lysates were loaded onto a 5 to 20% sucrose
gradient. Fractions were collected from the bottom, immunoprecipi-
tated with anti-G antibody, and analyzed by SDS–polyacrylamide gel
electrophoresis (Li et al., 1993; Zhang and Ghosh, 1994). The bottom
fraction is to the left. 8S (aldolase) and 4S (bovine serum albumin)
markers sedimented in fractions 11 and 17, respectively.
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induced conformational change by either slowing
down the rate of the conformational change or by
modifying the equilibrium between the neutral and the
low-pH forms of G (Gaudin et al., 1996). When the
sequence of this region of rabies virus G protein was
aligned with the G proteins of a number of rhabdovi-
ruses (Fig. 1A) it was observed that the two fusion-
defective insertion mutants, H10 and A4, of VSV G
protein were also located in the same region. The
position corresponding to V392 of rabies virus G pro-
tein is adjacent to the insertion mutation A4 of VSV G
(Fig. 1A). Structural analyses of the region located
between L400 and Q419 of VSV G protein showed the
presence of predicted a-helical structures (Gaudin et
al., 1996). It may also be noted that all of the mutants
except G395 used in this study were present within
this region. The two proline residues, P399 and P424,
which are conserved in all rhabdoviruses, may act as
hinges during acid-pH-induced conformational
changes. Thus substitution of the nonvariant P399
lead to a block in the transport of the mutant G protein,
presumably due to misfolding of this region. One may,
therefore, postulate that the H10/A4 domain of G pro-
tein is involved in the conformational change induced
by low pH. The insertion mutants H10 and A4 or the
substitution mutants in this region may thus stabilize
the conformation of G such that the low-pH-induced
conformational change essential for fusion is blocked.
Sensitivity to protease digestion at acid pH of influenza
virus HA (Doms et al., 1985; Skehel et al., 1995; Wharton
et al., 1998; Wiley and Skehel, 1987), rabies virus G
protein (Gaudin et al., 1993, 1995a,b), and VSV G protein
(Fredericksen and Whitt, 1996) have been used to exam-
ine low-pH-induced conformational change. It is signifi-
cant that mutation of glycines at residues 404 and 406 as
well as aspartic acids at residues 409 and 411 not only
reduced fusogenic activity but also markedly altered re-
sistance to trypsin digestion at acid pH. Thus, mutant
G404K was completely sensitive, while mutants D409A,
D409N, and D411N were approximately 60% sensitive to
trypsin digestion at pH 6.5. In contrast, the wild-type G
protein and as mutants G395A and G395E were only
10–25% sensitive to trypsin. The slower rate of transport
of mutants G404K and D409A also suggested altered
conformation of these mutants. Recently, using photola-
beling techniques to detect conformational changes in-
volved in insertion of G protein into target membranes, it
was shown that the threshold pH for photolabeling was
about 6.4 (Durrer et al., 1995; Pak et al., 1997). The
observed altered susceptibility to trypsin digestion at pH
6.5 of the mutants could thus be due to conformational
changes leading to the fusion-inactive state of G protein.
FIG. 7. The pH-dependent resistance of wild-type and mutant G proteins to tryptic digestion. COS cells transfected with wild-type or mutant
plasmids were labeled, at 24 h posttransfection, with [35S]methionine for a period of 30 min and chased with excess nonradioactive methionine for
a period of 1 h. The cells were lysed in 2X MNT containing 1% Triton X-100 at the indicated pH, and equivalent amounts of each sample were subjected
to tryptic digest (Fredericksen and Whitt, 1996; Odell et al., 1997). Proteins were immunoprecipitated with anti-G antibodies and analyzed by
SDS–polyacrylamide gel electrophoresis. The relative amounts of G protein that are resistant to digestion at a specific pH were determined using
densitometric scanning of a flourogram and the percentage of trypsin resistance was calculated (Odell et al., 1997). The data shown are averages
of two separate experiments.
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Taken together, these results suggest that mutations
within the predicted a-helical structure (Gaudin et al.,
1996) present in the H10/A4 region of G protein affect
pH-dependent conformational changes leading to fusion.
Recently, two regions containing heptad repeat units
were predicted to be present in the amino termini and
carboxy termini of G glycoproteins of a number of rhab-
doviruses (Coll, 1995b). In the case of VSV Indiana G
protein, these regions are situated between residues 134
and 161 and residues 328 and 369 (Coll, 1995b). Thus the
predicted amino terminal helical region follows the fu-
sion peptide of G protein, while the carboxy terminal
helical region occurs prior to the H10/A4 domain of G
protein. It may be noted further that the sequences in
both of these regions are well conserved within vesicu-
loviruses (Bhella and Ghosh, unpublished; Brun et al.,
1995). Structural studies with the fusion protein HA2 of
influenza virus (Bullough et al., 1994; Carr and Kim, 1993;
Skehel et al., 1995) as well as with the TM fusion proteins
of retroviruses such as HIV (Chan et al., 1997; Lu et al.,
1995; Weissenhorn et al., 1997), simian immunodefi-
ciency virus (Blacklow et al., 1995), and Moloney murine
leukemia virus (Fass et al., 1996) have identified helical
domains containing heptad repeat units (Cohen and
Parry, 1994) that are present in regions following the
fusion peptide. Exposure of HA2 to acid pH induces
conformational change which converts this region to a
coiled-coil structure with concomitant exposure of the
fusion peptide (Bullough et al., 1994; Carr and Kim, 1993).
In the case of retroviruses, the helical region following
the fusion peptide forms a trimeric helical structure
which interacts with a second helical region localized in
the carboxy terminus prior to the membrane anchoring
domain. The two interacting domains form a six-helical
bundle with the amino terminal domains forming an
interior triple coiled-coil structure around which the car-
boxy terminal helices pack in an antiparallel manner
(Chan et al., 1997; Lu et al., 1995; Weissenhorn et al.,
1997; Blacklow et al., 1995; Fass et al., 1996). It is thus
possible that the predicted amino terminal and carboxy
terminal helical regions of VSV G protein interact, pre-
sumably via coiled-coil structures and in an antiparallel
fashion. The H10/A4 region may thus define a domain
that controls the low-pH-induced conformational change
leading to fusion. The results presented in this report, in
conjunction with the results reported by Gaudin et al.
(1996) with rabies virus G protein, suggest that the
H10/A4 region plays a key role in the fusogenic process
by influencing the low-pH-induced conformational
change of rhabdovirus glycoproteins.
MATERIALS AND METHODS
Construction of mutant G protein
The gene encoding G protein of VSV Indiana serotype
was cloned into the eukaryotic expression vector pXM to
produce the plasmid pXM-G as described earlier (Zhang and
Ghosh, 1994). Mutants G395A, P399L, G404A, G406A, D409N,
and D411N were constructed as described earlier (Zhang and
Ghosh, 1994). Mutants G395E, G404K, D409A, and A418K
were constructed by M13 mutagenesis (Kunkel et al., 1987;
Zhang and Ghosh, 1994) and the mutated regions cloned into
pXMG (AXB) (Odell et al., 1997). The oligomers used for mu-
tants G395A, G395E, P399L, G404A, G404K, G406A, D409N,
D409A, D411N, and A418K using M13 were GACCAGT-
TCAGCATATAAGTTT, GGAAACTTATATTCTGAACTGGTCCT-
,GATATAAGTTTCTTTTATACATGA, ACATGATTGCACATGG-
TATGT, CAACATACCATGTTTAATCATGTATAA, GATTGGACAT-
GCTATGTTGGACT, GGTATGTTGAACTCCGATCTTCA, GAA-
GATCGGAGGCCAACATACCAT, TGGACTCCAATCTTCATCT,
and GTTCGAACACCTGTTTCTTTGAGCTAA, respectively.
Transfection, labeling, and immunoprecipitation
Subconfluent monolayers of COS-1 cells were trans-
fected by the Ca3(PO4)2 method, as described earlier
(Zhang and Ghosh, 1994). The transfected cells were
labeled with [35S]methionine at 24 h posttransfection and
processed for immunoprecipitation and analysis by so-
dium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS–PAGE) as described before (Zhang and Ghosh,
1994).
Cell–cell fusion assay
The fusogenic activity of the expressed wild-type and
mutant G proteins was determined by exposing cells to
the indicated pH for a very short time and observing
polykaryon formation as previously described (Li et al.,
1993; Zhang and Ghosh, 1994). Polykaryons containing
more than five nuclei were counted.
Localization and intracellular transport
The cell surface localization of the expressed glyco-
proteins was examined by indirect immunofluorescence
of transfected cells fixed with paraformaldehyde and
reacted successively with rabbit anti-G antibody and
goat anti-rabbit IgG conjugated to fluorescin as de-
scribed previously (Zhang and Ghosh, 1994). For quanti-
tation of G protein expressed on the cell surface, labeling
using lactoperoxidase-catalyzed iodination was carried
out as described earlier (Guan et al., 1985; Li, et al.,
1993). Transport of the mutant G proteins to the Golgi
apparatus was determined by acquisition of endoglyco-
sidase H (endo H) resistance as previously described
(Kornfeld and Kornfeld, 1985; Zhang and Ghosh, 1994).
Oligomerization and trypsin sensitivity assays
The oligomeric state of the expressed G protein was
determined by sucrose gradient centrifugation as de-
scribed before (Crise et al., 1989; Zhang and Ghosh,
1994). Trypsin sensitivity of the wild-type and hybrid pro-
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teins were determined as described earlier (Fredricksen
and Whitt, 1996; Odell et al., 1997). Briefly, transfected
cells were labeled with [35S]methionine and lyzed with
1% Triton X-100 in 23 MNT buffer (40 mM 2-(N-morpho-
lino)ethanesulfonic acid, 60 mM Tris, 200 mM NaCl, 2.5
mM EDTA) at the indicated pH. The lysate was centri-
fuged at 14,000 g for 5 min and equivalent volumes of the
supernatant were incubated in the absence or the pres-
ence of 10 mg TPCK–trypsin for 30 min at 37°C. The
digestion was stopped by addition of aprotinin (10 units)
and the mixture was centrifuged again at 14,000 rpm for
2–5 min to remove any insoluble material. The superna-
tant was immunoprecipitated with anti-G (Indiana) anti-
body and analyzed by SDS–PAGE as described earlier
(Odell et al., 1997).
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